These devices can be easily incorporated onto a wide range of substrates allowing the development of hybrid TMDC/III-V microcavity structures as well as electrically driven polariton devices with vertical current injection using graphene contacts. This work opens the way to these developments in the rich material system of VDW crystals.
In this work, we demonstrate how the incorporation of VDW heterostructures into optical microcavities enables control and modification of the light-matter interaction. We place MoSe 2 /hBN heterostructures in open tunable cavities having high reflectivity dielectric mirrors with adjustable separation 14, 15 . In contrast to previous experiments, where modification of the emission pattern and radiative recombination rate of 2D films coupled to cavities was observed [15] [16] [17] , as well as a recent report on lasing in photonic crystal nanocavities 18 , we present conclusive evidence for the strong light-matter interaction regime and the formation of part-light, part-matter polariton eigenstates. This regime is observed when the cyclic emission and reabsorption of light inside a microcavity occurs on a timescale faster than the exciton and photon dissipation rates, a regime favoured by the large oscillator strength of the direct-band-gap optical transition in TMDC monolayers 8, 19, 20 . Here we evidence strong coupling in reflectivity and photoluminescence (PL) through the anticrossing of the tunable cavity mode energy and the MoSe 2 exciton energy showing the formation of upper and lower polariton branches. A large Rabi splitting of 20 meV is observed for a heterostructure containing a single MoSe 2 monolayer, whereas this splitting is increased to 29 meV for a multiple quantum well (MQW) structure with two MoSe 2 monolayers separated by a hBN layer. From the coupling strength we extract a radiative exciton lifetime of 0.4 ps corresponding to a homogeneous linewidth of 1.6 meV. In contrast to previous work in TMDC microcavities, where the observed spectral features are poorly resolved preventing an unambiguous claim of strong coupling, 21 we show fully resolved polariton branches with a Rabi splitting that significantly exceeds the polariton linewidths. We also observe a notable difference between the exciton-photon coupling for the neutral (X 0 ) and negatively charged (X − ) excitons, with an intermediate coupling regime observed for X − , consistent with its reduced oscillator strength, providing further insight into the nature of the electronic states in TMDC monolayers. Moreover, the large exciton binding energy of TMDCs allows the observation of a narrow upper polariton branch with comparable intensity to the lower polariton at resonance. This arises due to the significant separation of the electron-hole continuum from the upper polariton states, potentially opening a new regime of polariton physics.
The study of exciton-polaritons has revealed a wealth of rich phenomena such as Bose-Einstein condensation in the solid state 9 , polariton superfluidity 23 , as well as room temperature polariton lasing in the UV and blue spectral regions using wide band gap materials such as GaN These devices can be easily incorporated onto a wide range of substrates allowing the development of hybrid TMDC/III-V microcavity structures as well as electrically driven polariton devices with vertical current injection using graphene contacts. This work opens the way to these developments in the rich material system of VDW crystals.
The tunable microcavity is formed by one planar and one concave dielectric distributed Bragg reflector (DBR) 31 . A schematic of the formed microcavity is shown in Figure 1 meV which is less than the linewidth averaged value of (γ X 0 + γ ph )/2 = 5.9 meV predicted from the two-level coupled oscillator model, where γ X 0 and γ ph are the measured inhomogeneously broadened exciton linewidth and bare cavity linewidth taken from PL measurements. This may be due to motional narrowing which is expected in systems such as this wherehΩ Rabi >> γ X 0 leading to averaging over the inhomogeneous broadening. 34 This causes the polariton linewidth to approach (Γ X 0 + γ ph )/2 where Γ X 0 is the homogeneous neutral exciton linewidth. 35 Alternatively, this narrowing may be due to the reduced number of excitonic states that couple to the photonic mode within the 1 µm beam waist which may have a smaller linewidth in comparison to the 2 µm spot measured in Figure 1 (c) due to disorder in the film. In contrast, the UPB linewidth at resonance is 8.7 meV due to broadening from relaxation through scattering to the uncoupled exciton states 36 . The radiative lifetime of the neutral exciton can be estimated from the Rabi splitting to be around τ = 0.4 ps, corresponding to a homogeneous linewidth of Γ 0 = 1.6 meV in agreement with recent work in WSe 2 monolayers 37 (see Supplementary Information).
The UPB is observed at positive detunings up to the recorded detunings of ∆ = +40 meV with a relatively narrow linewidth of around 2 meV. This is possible in TMDCs since the binding energy, E B >>hΩ Rabi and hence the electron-hole continuum is far from the polariton resonances leading to much reduced relaxation of the UPB states. This is a unique property of TMDCs which also allows both the LPB and UPB to have comparable intensities at resonance. This can be quantified further through the ratiohΩ Rabi /E B , which is around ≈ 0.04 for MoSe 2 in contrast to > 0.2 for all other materials where strong coupling was observed. This allows the UPB resonance to be both bright and narrow while remaining on the mirror stopband (see Supplementary Information).
Figure 3(a) shows a reflectivity scan of a single QW area. Only the longitudinal mode is visible due to the poor mode matching between the Gaussian excitation spot and the lateral transverse mode profiles.
When the cavity mode is tuned through resonance with the X − energy a small shift in the cavity energy can be observed, in contrast to the broadening observed in PL. This difference in behaviour can be understood through the dependence of the observed Rabi splitting on the measurement method, such as absorption, reflectivity or transmission, when the polariton linewidths are comparable to the mode splitting. In this case the splitting in reflectivity is expected to be larger than in PL (Ω R > Ω P L ) 38 .
The X − coupling strength is proportional to √ n e where n e is the electron density which is due to inherent doping from impurities in the exfoliated sample 39 . In Figure 3 Other avenues of van der Waals crystal based polaritonics may include studies involving the spin-valley coupling between excitonic states which leads to the formation of LT-polarised excitons with potential large polarisation splitting that will be inherited by the polaritonic system 42 . This type of spin-orbit interaction is at the origin of the optical spin Hall effect 43 and the formation of a persistent spin currents in polariton condensates 44 . It allows manipulation of polariton trajectories through the emergence of non-Abelian gauge fields 45 .
Lattices of coupled open cavities 46 filled with VDW heterostructures could 6 be realized in the near future and serve as a basis for the realization of polaritonic topological insulators 47 with room temperature operation.
I. METHODS

A. Dielectric mirror fabrication
The concave shaped template for the top mirror is produced by focused ion beam milling, where an array of concave shaped mirrors with radii of curvatures ranging from 7 to 20 µm is milled in a smooth fused silica substrate. Gallium ions are accelerated onto a precise position of the silica substrate achieving an accuracy of around 5 nm with an rms roughness below 1 nm. 31 The highly reflecting distributed 
B. 2D film fabrication
The monolayer sheets of MoSe 2 and the thin films of hexagonal boron nitride (hBN) were obtained by mechanical exfoliation of bulk crystals. The first monolayer is transferred onto a thin layer of hexagonal boron nitride (hBN) using standard transfer techniques 48 . This step is repeated with the 3 nm thick sheet of hBN and the second monolayer sheet of MoSe 2 . The final heterostructure, consisting of a single monolayer region, a double QW region and a MoSe 2 bilayer region was then transferred onto the planar dielectric mirror. The individual regions can be identified using optical imaging. Bulk crystals were acquired from HQGraphene.
C. Optical measurements
Optical measurements were performed with the samples placed in a helium bath cryostat system at a temperature of 4.2K. Top and bottom mirrors were attached to attocube closed-loop XYZ nanopositioners and a tilt positioner allowing independent sample positioning with a travel range of 5 mm with a few tens of pm precision. The optical properties of the monolayer MoSe 2 can be measured when the top mirror is moved out of the optical path using the lateral translation stages. A plano-concave microcavity is formed when the concave mirror is brought back into the optical path. All µ-PL experiments were performed with a continuous-wave (cw) excitation using a 638 nm laser diode, focused onto the sample using an achromatic lens. The collected PL is focused onto a wound fiber bundle and guided into a 0.75 m spectrometer and a high sensitivity charge coupled device for emission collection. Time-resolved measurements are obtained using a picosecond pulsed, frequency doubled titanium-sapphire laser with a pulse length of around 3 ps. The exponential decay of the monolayer emission is collected using a streak camera. In this Supplementary Materials we present additional details on the strong exciton-photon coupling including reflectivity measurements, studies on bilayer molybdenum diselenide, room temperature measurements and studies on the polariton intensity. Theoretical models support our observations and fit well with the measured data.
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S1. THEORETICAL CALCULATION OF THE EXPECTED RABI SPLITTING
Coupling a photonic open cavity mode to an exciton level is characterized by the Rabi frequency S1 :
where n c is the cavity refractive index, which is close to unity in the open cavity system, L DBR and L c are the effective mirror and cavity length length respectively. Γ 0 = 1/2τ is the exciton radiative broadening given by S2 :
where e is the electron charge absolute value, p cv is the matrix element of the momentum between electron Bloch functions at valence and conduction band edges, n ≈ 2.2 is the refractive index of MoSe 2 , c is the speed of light,hω 0 is the cavity mode energy, m e is the free electron mass and φ(ρ) is the internal motion part of the 2D exciton wavefunction. For the 1s exciton state one can write: The matrix element p cv may be deduced from the electron effective mass expression given by the k · p method:
where E g ≈ 2.1 eV is the band gap. Conduction and valence band effective masses are calculated ab initio for MoSe 2 and are given by m * c(v) = 0.70(0.55) S3 . From this we derive:
Substituting equations S2 and S5 in equation S1 and assuming no detuning between exciton energy and photonic mode (hω 0 = E g − E b ) we obtain the Rabi splitting:
With the absolute effective cavity length L DBR + L c = 2.3 µm , the obtained Rabi splitting is hΩ Rabi ≈ 26.7 meV. This agrees well with the experimentally obtained value of 20 meV.
S2. CALCULATION OF THE EXCITON RADIATIVE LIFETIME
The obtained Rabi splitting for a single monolayer sheet is Ω Rabi = 20 meV. Following equation S1, the exciton radiative rate Γ 0 and therefore the radiative lifetime τ can be obtained using
The total cavity length is determined by the free spectral range between two longitudinal modes (L DBR + L c ) = 2.3 µm, c is speed of light and n c = 1.4 is the effective cavity refractive index. This allows the exciton radiative lifetime to be calculated to be Γ 0 = 1 0.8 ps . With Γ 0 = 1 2τ the exciton radiative lifetime is then τ = 0.4 ps. This is around 13x faster than the exciton lifetime of 5.3 ps measured in Figure 1 (d) of the main text which is determined by relaxation effects to low k-states. The homogeneous exciton linewdith is then given by ∆E =h/τ = 1.6 meV. This is much smaller than the low temperature PL linewidth of 11 meV indicating that significant broadening occurs due to disorder effects, an aspect which might be improved using epitaxial layers allowing much narrower polariton linewidths.
S3. COMPARISON WITH OTHER MATERIAL SYSTEMS
Comparison of various material systems in which strong coupling has been observed. 
S4. STUDIES ON BILAYER MOLYBDENUM DISELENIDE SHEETS
The PL emission of the bilayer area marked by the black border in Figure 1 (b) in the main text is shown in Figure S1 (a). The bandstructure of bilayer MoSe 2 shows that there is an indirect transition causing a reduction in the emission efficiency. When the bilayer is coupled to the cavity modes, weak coupling is observed as shown in Figure S1 (b) where a crossing through the exciton is observed. 
S5. ROOM TEMPERATURE MEASUREMENTS
The PL spectrum of X 0 at room temperature shows a linewidth of around 35 meV, exceeding the vacuum Rabi splitting of both the single and double QW heterostructure. Therefore weak coupling is observed at room temperature. The demonstrated dependence of Ω rabi ∝ N QW indicates that a heterostructure consisting of four or more MoSe 2 QWs will increase the Rabi splitting sufficiently to resolve both the UPB and LPB at room temperature. Figure S3 (a) shows the peak polariton intensity plotted against longitudinal mode detuning. In resonance with X − (δ = −30 meV) the peak intensity is 2 orders of magnitude larger than when in resonance with X 0 . The integrated intensity is shown in Figure S3 (b) showing a significant integrated PL enhancement when in resonance with X − . We attribute this to the interplay between the maximum polariton intensity occurring at negative detunings S19 as well as intermediate coupling close to X − . Integrated intensity as a function of piezo voltage.
S6. POLARITON INTENSITY
